T was isolated from the hypersaline brinesediment interface of the Shaban Deep, Red Sea. Cells were pleomorphic but usually consisted of a central coccoid body with one or two "tentacle-like" protrusions. These protrusions actively alternated between a straight, relaxed form and a contracted, corkscrew-like one. A peptidoglycan layer was not detected by electron microscopy. The organism forms "fried-egg"-like colonies on MM-X medium. The organism is strictly anaerobic and halophilic and has an optimum temperature for growth of about 30 to 37°C and an optimum pH of about 7. Nitrate and nitrite are reduced; lactate is a fermentation product. The fatty acid profile is dominated by straight saturated and unsaturated chain compounds. Menaquinone 4 is the major respiratory quinone. Phylogenetic analysis demonstrated strain SSD-17B T represents a novel and distinct lineage within the radiation of the domain Bacteria. The branching position of strain SSD-17B
The divergent movement of the African and Arabian tectonic plates, which is associated with deposition of new oceanic crust, led to the formation of several isolated topographical depressions within the Red Sea basin (4) . Redissolution of buried Miocenic evaporites and/or hydrothermal phase separation, followed by upward migration to the seafloor and later accumulation in enclosed depressions, filled as many as 25 such deeps with highly saline water (13, 15) . In addition to their common extreme salinity (up to 27% [wt/vol] NaCl), all of these brines are anoxic, are enriched in metals and hydrocarbons, and have temperatures higher than 21.7°C, which is the mean deep-seawater temperature of the Red Sea (13, 29) .
The brine-filled deeps of the Red Sea represent a rare type of extreme environment and were considered to be sterile as recently as the late 1960s (34) . Few studies have focused on the microbiology of these biotopes, resulting in only a few microbial isolates (1, 2, 10) . Phylogenetic studies have, however, revealed an unexpectedly high microbial diversity (10, 11) . Parallel studies, focusing on the microbiology of analogous deep-sea brines located in the eastern Mediterranean Sea further corroborate the extensive microbiological diversity in such biotopes (8) .
Samples for geochemical and microbiological studies were retrieved from the northernmost brine-filled deeps of the Red Sea during the RV Meteor Cruise 52/3 in 2002. Isolation attempts with a sample of the previously unexplored brine-sediment interface of the Shaban Deep led to the recovery of strain SSD-17B
T . This isolate displayed a highly unusual morphology with contractile "tentacle-like" structures and minibodies, and it represents a novel phylogenetic lineage. The phenotypic and phylogenetic data point to the distinctiveness of this organism, which we believe represents a novel taxon at the order level.
MATERIALS AND METHODS
Sampling, storage, and transport. The Shaban Deep, one of the northernmost deep-sea anoxic brine pools of the Red Sea, was sampled during RV Meteor Cruise 52/3 in 2002. The sampling of undisturbed surface sediments and overlying bottom brine (i.e., the brine-sediment interface) of this deep was achieved with the deployment of a Multicorer unit (GeoB, University of Bremen, Bremen, Germany). The samples were maintained under anaerobic conditions at 19°C for 15 days before being transported, for about 24 h at room temperature, to the laboratory, where the samples were stored at 19°C.
Growth conditions and isolation. Strain SSD17B T was routinely grown on anaerobic MM-X medium containing the following (per liter): NaCl, 57.5 g; KH 2 PO 4 , 0.5 g; yeast extract, 0.2 g; peptone, 0.2 g; starch, 5.0 g; and artificial seawater, 250 ml (17) . It was enriched in anaerobic MM-X medium containing 12% (wt/vol) NaCl. Strictly anaerobic culture medium was prepared as described previously (3) . The medium was reduced by adding 0.05% Na 2 S ⅐ 9H 2 O, with resazurin (5 g liter
Ϫ1
) added as the redox indicator. Prior to autoclaving, the medium was dispensed in 10-ml aliquots into 28-ml stoppered serum tubes, and the gas phase was exchanged with N 2 (250 kPa). Solidified MM-X medium was made by the addition of 1.5% (wt/vol) agar. A pure culture was obtained by visual controlled separation of the desired cell type from freshly grown mixed cultures, by means of a laser microscope-assisted procedure (16) .
Morphological studies. Cultures were routinely observed using phase-contrast microscopy. For transmission electron microscopy cells were fixed, immediately after harvesting by centrifugation, with 2.5% glutardialdehyde in 75 mM sodium cacodylate, 2 mM MgCl 2 , and 1.0 M NaCl (pH 7.0) for 1 h at room temperature; rinsed several times in cacodylate buffer containing 1.0 M NaCl; and postfixed for 1 h with 1% osmium tetroxide in the same buffer at room temperature. Cells were then stained with uranyl acetate, dehydrated, embedded in low-viscosity resin, and poststained as described previously (35) Thin sections were observed with an EM 912 electron microscope (Zeiss, Oberkochen, Germany).
For scanning electron microscopy, bacteria were concentrated by filtration through 0.4-m Nuclepore membrane filters, which were fixed with 2.5% (vol/ vol) glutardialdehyde in 75 mM cacodylate buffer (pH 7.0) supplemented with 1.0 M NaCl. All other steps were performed as described previously (18) . The specimens were examined with a Hitachi S-4100 field emission scanning electron microscope operated at 5 to 8 kV.
Physiological and biochemical studies. All studies were performed at 30°C and pH 6.5 in medium containing 6% NaCl under strictly anaerobic conditions, unless otherwise stated. The presence of cytochrome oxidase and catalase was determined as described elsewhere (30) . Growth at different temperatures, pH values, and NaCl concentrations was determined in MM-X liquid medium. Growth was assessed by measuring the turbidity at 600 nm or by counting the number of cells in a field with a Neubauer counting chamber (Weber, United Kingdom).
Hydrolysis of arginine and urea and the presence of phosphatase were assessed after growth on MM-X agar (19) . Cholesterol was added to the medium at final concentrations of 1, 5, 10, and 20 g ml Ϫ1 (28) . Sensitivity to antimicrobial agents was tested by addition of 25 g/ml of filter-sterilized ampicillin, bacitracin, cephalosporin C, chloramphenicol, and penicillin G to MM-X liquid medium. Metabolism of carbon sources was assessed using a Biolog GN2 microplate (Biolog) under anaerobic conditions according to the manufacturer's instructions but using the growth medium without organic compounds as the inoculating fluid. The reduction of nitrate was examined using 1.0, 0.1, and 0.01 g liter Ϫ1 of KNO 3, and the nitrite produced quantified as described previously (30) . The formation of D-and L-lactate and acetate was assessed in 10-day-old cultures using the Boehringer/Mannheim/R-Biopharm kits 11112821035 and 10148261035. The effect of the growth medium on the enzyme activities was controlled by adding the reaction mixtures to medium containing known amount of the substrates.
Chemotaxonomic characterization. Cultures for fatty acid analysis were grown on MM-X liquid medium containing 6.0% (wt/vol) NaCl at 30°C for 72 h. Fatty acid methyl esters were obtained and separated, identified, and quantified with the standard MIS library generation software as described by the manufacturer (Microbial ID Inc.). The respiratory quinones were determined as described elsewhere (31) . The polar lipid profile of isolate SSD-17B
T was determined by the Identification Service of the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ), Braunschweig, Germany.
Determination of G؉C content and 16S rRNA gene sequence and phylogenetic analysis. DNA for determination of GϩC content was isolated as previously described (25) . The GϩC content of DNA was determined by high-pressure liquid chromatography as described elsewhere (24) . Extraction of nucleic acids, PCRs, and sequencing of the 16S rRNA gene (with primers 9bF and 1406uR) were carried out as described previously (9, 10) . The 16S rRNA gene sequences were aligned against representative reference sequences of members of the Bacteria using the ae2 editor (6) . The method of Jukes and Cantor (20) was used to calculate evolutionary distances. Phylogenetic dendrograms and bootstrap analyses were generated using neighbor-joining, maximum-likelihood, and maximum-parsimony methods contained in the PHYLIP and ARB software packages (12) .
Determination of physical and chemical parameters of the sample and site. Salinity and pH values were promptly measured using a hand refractometer (Atago, Tokyo, Japan) and Neutralit pH strips (Merck Eurolab, Darmstadt, Germany), respectively.
Concentrations of several major inorganic constituents (e.g., Na, Mg, K, Ca, and B) and some trace elements (e.g., Li, Fe, Mn, and Ba) in the pore water were determined with a Unicam 701 ICP-AES spectrometer and a Unicam 939 AAS spectrometer, while chlorinity was determined titrimetrically. Mineralogical analysis of the sediment fraction was performed by semiquantitative X-ray diffraction, performed on a Philips X'Pert Pro multipurpose diffractometer equipped with a Cu tube (k ␣ 1.541 radiation, 45 kV, 40 mA), a fixed divergence slit of 1/4°2, a secondary monochromator, and the X'Celerator detector system. Mineral identification and semiquantification was performed using the X'Pert HighScore software and referring to the "matrix-flushing method" (5) .
Nucleotide sequence accession number. The GenBank accession numbers for the 16S rRNA gene sequence of strain SSD-17B
T is EF999972. Enrichment, isolation, and morphological characteristics of strain SSD-17B
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T . Initial enrichment cultures were established in 10 ml of MM-X medium containing 12% (wt/vol) NaCl and inoculated with 0.2 ml of the original sample. Microbial growth was detected by the presence of turbidity and by phase-contrast microscopy after approximately 30 days of incubation at 22°C. After several transfers of the enrichment, a pure culture of strain SSD-17B
T was obtained using the laser microscopeassisted "optical tweezers" method.
After 3 days of incubation, at 30°C on MM-X agar, very small colonies with a diameter of approximately 0.03 to 0.05 mm could be observed under a dissecting microscope. The colonies were gold-yellow and round, and most had a "friedegg"-like appearance. Cells of isolate SSD-17B
T were pleomorphic, but almost all consisted of a central coccoid body (normally between 0.5 and 1.8 m in diameter) with one or two "tentacle-like" protrusions at all salinities examined between 1.5 and 18% (wt/vol). These "tentacle-like" protrusions actively alternated between a straight, relaxed form and a contracted corkscrew-like form with a periodicity of 5 to 10 seconds ( Fig. 1 and 2A and B) . Scanning electron microscopy corroborated the pleomorphism of isolate SSD-17B T (Fig. 2) . Although two protrusions were most frequently observed, cells with only one or several protrusions were also observed. There was a wide range of structural variants of protrusions: straight or slightly curved with a length of up to 20 m and diameters of 0.05 to 0.15 m (Fig. 2A) , helical (with a radius of a few (Fig. 2E) , helical or straight protrusions with secondary protuberances ranging from bulges to extended polyp-like structures ( Fig. 2D and F) , or combinations of the above (Fig. 2F) . Secondary protuberances frequently terminate in bulbous structures of various diameters (Fig. 2F) . Helical protrusions occasionally exhibit thin filaments between coils (Fig. 2C) . Taking sputter coating into consideration, the diameter of the filaments is in the range of 0.01 to 0.015 m. Transmission electron microscopy of ultrathin sections provided additional information on the structural composition of protrusions (Fig. 3A to F) . In particular, secondary protuberances are integral elements of the protrusions (Fig. 3A, B , and D). Cross sections of the helical protrusions show a flat inner surface and rounded outer surface (Fig. 2C and 3C ). Regardless of their shape, protrusions appear to be coated by a diffuse envelope (Fig. 3A to F) . This diffuse coating is visible only on the outer side of the coils, while the inner side appears to be uncoated. The matrixes of both the bacterial bodies and their protrusions are very electron dense (osmiophilic). Due to the high contrast, the cytoplasmic membrane can only occasionally be seen in favorable sections ( Fig. 3C and F) . Fibrous electrontransparent areas indicating a nucleoid are found in the cell bodies (Fig. 3E) , in the helical protrusions (Fig. 3C) , and in the polyp-like structures and other secondary protuberances ( Fig.  3B and D) . These nucleoids indicate that the protrusions are extensions of the cytoplasm and allow the DNA to move through them. These observations suggest that viable cells can form from these secondary structures of the protrusions.
Physiological and biochemical characteristics. Strain SSD-17B
T grew very poorly under all conditions examined, with a maximum turbidity of about 0.09 at 600 nm. Omission of yeast extract or peptone from the medium composition resulted in no growth, while omission of starch resulted in decreased growth yields. The strain grew at between 10 and 44°C, with optimal growth at between 30 and 37°C. The optimum pH for growth was about 7.0, with growth occurring between pH 6.0 and 8.0. The NaCl range for growth was determined to be between 1.5 and 18% (wt/vol), with optimal growth occurring at around 8% (wt/vol). The addition of cholesterol had no effect on growth. Strictly anaerobic conditions were necessary for growth, with no growth occurring under aerobic or microaerophilic conditions. Cells were filterable through 0.8-m and 0.45-m but not through 0.2-m pore membrane filters. Strain SSD-17B T was resistant to penicillin, ampicillin, and cephalosporin but susceptible to bacitracin and chloramphenicol. Oxidase and catalase were negative. The organism reduced nitrate slowly to nitrite, but the levels of nitrite then decreased with prolonged incubation, indicating that the organism denitrified, although an increase in turbidity of the cultures during denitrification was not observed. The production of acetate was not detected, but L-lactate was produced, indicating that the organism is able to ferment some components of the medium.
Strain SSD-17B T was able to metabolize a very restricted range of carbon sources using Biolog GN2 microplates. Clear positive reactions were obtained only for L-arabinose and Dpsicose, with positive weak reactions observed for ␣-ketobutyric acid, ␣-ketoglutaric acid, and ␣-ketovaleric acid. SSD-17B
T was also unable to hydrolyze urea or arginine, and phosphatase activity was not detected.
Chemotaxonomic characteristics. The fatty acid composition of strain SSD-17B
T was dominated by straight saturated and unsaturated chain compounds, of which the major fatty acids were 16:0 (35.7%), 18:1 9c (23.9%), and 18:0 (18.1%). Other fatty acids detected included summed feature 5 (most likely 18:2 6,9c [12.8%]), 14:0 (4.6%), summed feature 3 (most likely 16:1 7c [2.3%]), 13:0 anteiso (1.1%), 19:1 iso (1.0%), and 20:0 (0.6%). The major polar lipids were phosphatidylglycerol and bisphosphatidylglycerol, but three minor glycolipids were also present. The major respiratory quinone was menaquinone 4 (MK-4).
16S rRNA gene sequence determination and phylogenetic analyses.
A nearly complete 16S rRNA gene sequence comprising 1,345 nucleotides was determined for strain SSD-17B T and compared to those of representatives of the major lineages within the Bacteria and the Archaea (Fig. 4) . Phylogenetic analysis demonstrated strain SSD-17B
T to represent a novel and distinct lineage within the radiation of the domain Bacteria. The branching position of strain SSD-17B
T was equidistant to the taxa considered to be representative lineages of the phyla Firmicutes and Tenericutes (with the sole class Mollicutes). Pairwise similarity values to representatives of these lineages were in the range of 80.1 to 91.5%, with highest similarity to Gemella haemolysans (91.5%), which is a member of the phylum Firmicutes. Within this distinct lineage, strain SSD-17B
T clustered with two environmental clone sequences from different sources, one from Lake Van, Turkey (91.0%) (accession no. AY642583) and the other from a mouse gastrointestinal tract (93.8%) (AJ400262). The DNA GϩC content of strain SSD-17B
T was found to be 33.6 mol%.
DISCUSSION
The brine-filled deeps of the Red Sea represent unusual environments which remain largely unexplored. During the course of a microbial diversity assessment study of the Shaban Deep, an organism designated SSD-17B
T was recovered from the brine-sediment interface of this deep, which was striking in both its morphology and its dynamic contractility. Phylogenetic T is equidistant to the lineages of the Firmicutes and the Tenericutes (Mollicutes), the sequence similarities between the new organism and representatives of the Firmicutes are higher. This is in part due to the short branch lengths of genera such as Gemella, Globicatella, Aerococcus, and Bacillus, in contrast to the extended lineages of genera of the phylum Tenericutes (Mollicutes) such as Acholeplasma, Ureaplasma, and Coprobacillus. This new lineage, in addition to strain SSD-17B T , contains a number of environmental 16S rRNA gene clone sequences at the 91.0 to 94.0% similarity level. These include an environmental clone sequence retrieved during a study of the halophilic and alkalophilic microbial communities from Lake Van in Turkey (23) . There is a significant ecological correlation between the two saline environments, but the other branch within this novel lineage comprises two highly similar environmental clone sequences retrieved from mammalian gastrointestinal tracts, which are not presently known to harbor halophilic taxa.
The species represented by strain SSD-17B T shares several morphological characteristics with the wall-less species of the class Mollicutes, including the absence of a cell wall, which was not observed by electron microscopy. Resistance to penicillin and cephalosporin also argues for the absence of a peptidoglycan layer, as in the wall-less mollicutes but unlike the members of the Firmicutes, namely, the species of the genus Gemella (26) and walled mollicutes where penicillin sensitivity has been examined (21) . The ability to be filtered through 450-nm pore membrane filters, typical colonies with a "fried-egg"-like appearance, and the unusual cellular contractility and dynamic morphology of this isolate also indicates the lack of a rigid cell wall and evokes the flagellum-independent movements seen in the strains of the genus Spiroplasma (22, 32) . However, the new organism possesses a central coccoid body which is not found in the species of the genus Spiroplasma. The chains of microspheres which appear to derive from the "tentacles" protruding from the central body of strain SSD-17B T might result from an atypical binary fission process, similar to that observed in isolates of the genus Mycoplasma (27) . These characteristics of strain SSD-17B T , like for other wall-less organisms, are probably due to the lack of a rigid cell wall.
The fatty acid composition indicates that the organism from the Shaban Deep, like several wall-less members of the class Mollicutes, a few walled relatives (namely, Erysipelothrix and the most closely related members of the Firmicutes, such as Gemella), the lactic acid bacteria, and Aerococcus, possesses straight-chain saturated and unsaturated fatty acids (21, 33, 35) . MK-4 has been rarely detected in bacteria but has been found in Mycoplasma arthriditis and Acholeplasma axanthum (14) , although most authors have not found respiratory quinones in wall-less members of the class Mollicutes (26) . On the other hand, trace amounts of MK-7 have been found in Erysipelothrix tonsilarum (33) , although respiratory quinones have not been detected or sought in other walled mollicutes or the most closely related genera of the Firmicutes (7).
Despite many similarities to the wall-less members of the Mollicutes, the ability of isolate SSD-17B
T to grow at between 1.5 and 18% NaCl clearly clashes with the characteristic osmotic fragility and the obligate association with plant or animal T and representatives of the main lineages within the domain Bacteria. Additional species of the phyla Firmicutes and Tenericutes were included to establish the relationship of this novel lineage to these previously described phyla. The tree was reconstructed from distance values using the neighbor-joining method. Scale bar, 5 inferred nucleotide substitutions per 100 nucleotides. VOL. 190, 2008 NEW LINEAGE OF HALOPHILIC, CONTRACTILE BACTERIA 3585 hosts for growth, which are hallmarks of members of the class Mollicutes (26, 27) . The relatively simple medium for growth (which does not contain complex organic components such as serum), the extreme environment from which the organism was isolated, and the lack of host dependency of strain SSD-17B T , in addition to the phylogenetic position, strongly support the proposal of a novel genus and species which we name Haloplasma contractile gen. nov., sp. nov. Moreover, the distinct phylogenetic lineage of strain SSD-17B
T argues for the proposal of a higher-level taxon to accommodate this bacterium, perhaps at the phylum level. However, only one strain of this lineage has been isolated, and the phylogenetic data available indicate that other organisms of the same lineage inhabit not only saline environments, such as deep sea brines and Lake Van (AY642583), but also mammalian intestines (AJ400262), clearly indicating that the organisms of this distinct lineage have characteristics which could be very different from those of strain SSD-17B
T . The absence of other isolates precludes the description of a novel class or phylum at this point. Nevertheless, the organism from the Shaban Deep has distinct physiological and biochemical characteristics and phylogenetic position to justify the proposal of a new order. We are therefore of the opinion that strain SSD-17B
T belongs to a novel family, for which we propose the name Haloplasmataceae fam. nov., within a novel order, for which we propose the name Haloplasmatales ord. nov. . Haloplasma contractile possesses, in addition to the characteristics in the description of the genus, pleomorphic cells, usually consisting of a central coccoid body (0.5 to 1.8 m) with one or two "tentacle-like" protrusions (up to 20 m in length and 0.1 to 0.25 m in diameter). Motility may occur by cellular contraction of the protrusions. Colonies in MM-X agar are very small (0.03 to 0.05 mm in diameter), gold-yellow, and round, often with a "fried-egg"-like appearance. The NaCl range for growth is 1.5 to 18% (wt/vol); optimum growth is at about 8% (wt/vol) NaCl. Growth occurs at between 10 and 44°C (optimal temperature, 30 to 37°C), and the pH range is between about 6.0 and 8.0 (optimal pH, 7.0). Cells are able to be filtered through 450-nm pore membrane filters. Resistant to penicillin G, ampicillin, and cephalosporin but susceptible to bacitracin and chloramphenicol. Nitrate and nitrite are reduced; lactate was detected from the fermentation of the medium components. Urea and arginine were not hydrolyzed. Phosphatase was not detected. L-Arabinose, D-psicose, ␣-ketobutyric acid, ␣-ketoglutaric acid, and ␣-ketovaleric acid were metabolized with the Biolog GN2. Peptone and yeast extract are required for growth. The predominant cellular fatty acids are 16:0, 18:0, and 18:1 9c. The GϩC content of the DNA of the type species is 33.6 mol%. Isolated from the anoxic brine-sediment interface of the Shaban Deep, Red Sea. The type strain, SSD-17B T , has been deposited in the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ), Braunschweig, Germany, as strain DSM 18853 and in the Japan Collection of Microorganisms (JCM), Saitama, Japan, as strain JCM 14575.
